[1] This paper describes a five-dimensional parameterization of ion-induced nucleation (IIN) that covers the complete range of conditions relevant to the lower atmosphere. The parameters are (1) temperature T (190-300 K), (2) ), (3) number of H 2 SO 4 molecules in average nucleating cluster, (4) number of H 2 O molecules in average nucleating cluster, and (5) radius (nanometers) of average nucleating cluster. The parameterization generally reproduces the modeled nucleation rate to within an order of magnitude over the whole range of conditions, except when the nucleation rate is very low (<10 À6 cm À3 s À1 ), which corresponds to a rate of less than 0.1 particle d À1 cm À3 . This parameterization speeds up IIN calculations by a factor of $10 6 , as compared to the original SAWNUC model. 
[1] This paper describes a five-dimensional parameterization of ion-induced nucleation (IIN) that covers the complete range of conditions relevant to the lower atmosphere. The parameters are (1) temperature T (190-300 K), (2) relative humidity RH (0.05-0.95), (3) number concentration of H 2 SO 4 (10 5 -10 8 cm
À3
), (4) first-order loss of H 2 SO 4 to particles (0.00009-0.0245 s À1 ), and (5) ion source rate (2-50 ion pairs cm À3 s À1 ). The parameterization is based on a steady state version of the kinetic aerosol model Sulphuric Acid and Water Nucleation (SAWNUC) that uses experimentally measured thermodynamics for the ion clusters. Parameterized formulas are obtained for the following variables: (1) particle nucleation rate (cm À3 s À1 ), (2) H 2 SO 4 nucleation rate (cm À3 s
À1
), (3) number of H 2 SO 4 molecules in average nucleating cluster, (4) number of H 2 O molecules in average nucleating cluster, and (5) radius (nanometers) of average nucleating cluster. The parameterization generally reproduces the modeled nucleation rate to within an order of magnitude over the whole range of conditions, except when the nucleation rate is very low (<10 À6 cm À3 s À1 ), which corresponds to a rate of less than 0.1 particle d À1 cm À3 . This parameterization speeds up IIN calculations by a factor of $10 6 , as compared to the original SAWNUC model.
Introduction
[2] Aerosol is ubiquitous in Earth's atmosphere, and affects health, visibility, atmospheric chemistry, and climate [Kulmala, 2003] . Gas phase nucleation is an important source of aerosol in Earth's atmosphere [Kulmala, 2003] . However, the specific mechanisms of atmospheric nucleation are uncertain. Ions are likely aerosol precursors because the charge greatly stabilizes the small clusters with respect to evaporation. A number of modeling studies [Raes and Janssens, 1986; Kim et al., 1997; Turco, 2000, 2001; Kulmala et al., 2000; Laakso et al., 2002] have shown that ion-induced nucleation is potentially important in the atmosphere. However, the predictions of these studies have considerable uncertainty because they are based either on the liquid drop model thermodynamics or estimates of cluster kinetics. Lovejoy et al. [2004] have recently developed a model (SAWNUC) of ion-induced nucleation of H 2 SO 4 and H 2 O that is based on measured thermodynamics of small ion clusters. This model appears to reproduce observations of ultra fine particle formation in the middle and upper troposphere [Lovejoy et al., 2004] , as well as the lower stratosphere [Lee et al., 2003] . However, the model could not explain the observed particle nucleation in the lower troposphere.
[3] Here we present a parameterization of the output of SAWNUC [Lovejoy et al., 2004] . A relationship is given relating the ion-induced nucleation rate (formation of new neutral particles larger than the critical cluster by way of ion-induced nucleation) as a function of temperature, RH, H 2 SO 4 concentration, ion source rate and first-order loss of H 2 SO 4 to preexisting aerosol.
[4] Similar parameterizations of neutral nucleation rates have been published. Vehkamäki et al. [2002] parameterized the critical nucleus composition, critical cluster radii and homogenous nucleation rates for the neutral sulphuric acid/water system on the basis of classical nucleation theory. The Vehkamäki et al. [2002] 
Model
[5] SAWNUC [Lovejoy et al., 2004 ] is a kinetic model of ion-induced nucleation (IIN) that is based on experimental thermodynamics of small ion clusters of H 2 SO 4 and H 2 O. The pathway for IIN involves ion cluster growth followed by recombination that produces a stable neutral cluster, larger than the critical cluster. This is an effective mechanism to bypass a neutral nucleation barrier (Figure 1 ). In classical nucleation theory, the thermodynamics of clusters are approximated with the liquid drop model [Seinfeld and Pandis, 1998 ], which is inappropriate for small molecular clusters, and leads to large uncertainties in nucleation rates. Lovejoy et al. [2004] measured the thermodynamics for the growth and evaporation of small cluster ions containing H 2 SO 4 and H 2 O, and incorporated these data into a kinetic aerosol model to yield predictions of the rate of ion-induced nucleation for atmospheric conditions. Large cluster thermodynamics are treated with the Thomson equation and the intermediate cluster thermodynamics are interpolated. Experimental studies indicate that the positive ions are less likely to nucleate than the negative ions Lovejoy, 2003a, 2003b; Wilhelm et al., 2004] . Accordingly, the positive ions are treated as a single species, and the neutral and negative ions are treated explicitly. For the neutral and negative clusters, the model uses 20-40 bins that increment by one sulphuric acid molecule, representing hydrated (H 2 SO 4 ) n and HSO 4 À (H 2 SO 4 ) nÀ1 , respectively. In the next 40-60 bins the number of sulphuric molecules increases geometrically, typically by a factor of 1.5 in order to account for particles up to about 1 mm diameter. All clusters equilibrate with water and grow and evaporate by addition and loss of H 2 SO 4 . Negative clusters coagulate with neutral clusters, recombine with positive ions, and are formed by the coagulation of smaller neutral and negative clusters. Neutral clusters coagulate with neutral and negative clusters, and are formed by recombination of ion clusters as well as by coagulation of neutrals clusters.
[6] The ion-induced nucleation rate (new particles per volume per time) is defined as the rate of formation of stable (i.e., larger than the critical cluster) neutral clusters by recombination of ionic clusters. In SAWNUC this was implemented as the rate of recombination of ion clusters larger than the neutral critical cluster minus a small loss of the neutral clusters due to reaction with ion clusters.
where k r is the recombination rate coefficient, [I] is the concentration of ion clusters in bin I, [pos] is the concentration of positive ions, and k i,J c is the coagulation rate coefficient for reaction between neutral cluster i and ion cluster J. It is assumed that the positive ions do not contain H 2 SO 4 . It is clear that the conventional definition of the nucleation rate does not apply to IIN because the IIN mechanism is significantly different from the standard neutral scheme. We defined the production rate of new neutral particles of a specified average size so that the parameterization could be easily coupled to a standard aerosol microphysical model. The larger charged clusters are in steady state with the corresponding neutrals. The ions recombine to produce the neutrals and the neutrals are charged to remake the ions. At steady state, these rates are the same. Equation (1) 
where n I is the number of H 2 SO 4 molecules in ion cluster I and n i is the number of H 2 SO 4 molecules in neutral cluster i. The average number of H 2 SO 4 molecules in the nucleating Figure 1 . Ion-induced nucleation mechanism. In this example, the neutral nucleation pathway is inhibited because of a barrier on the Gibbs free energy surface. Clusters smaller than the critical cluster preferentially evaporate whereas clusters larger than the critical cluster grow. The ion cluster growth is spontaneous and competes with recombination (vertical arrows). Recombination that produces a neutral particle larger than the critical cluster leads to nucleation. This process is indicated by the large arrows.
clusters is given by the ratio of the H 2 SO 4 nucleation rate to the particle nucleation rate
The average size of the nucleating particles is determined by equilibrating water with a cluster containing the average number of H 2 SO 4 molecules.
[7] SAWNUC calculates the temporal evolution of ion and neutral clusters for a given a set of conditions (T, RH, H 2 SO 4 production rate, ion production rate, etc.). The H 2 SO 4 production is modeled as a half sine wave during daylight hours and zero at night. Figure 2 shows the calculated profiles of [H 2 SO 4 ] and ultrafine particles versus time for a given set of conditions (T = 240 K, RH = 0.5, 15 ion pairs cm À3 s
À1
, 2 um 2 cm À3 of 30 nm radius particles at t = 0, peak noontime H 2 SO 4 production rates equal to 1000 and 3000 cm À3 s
, 12 hours of daylight). Also shown are the instantaneous particle and H 2 SO 4 nucleation rates throughout the day (equations (1) and (2)). Ideally, a parameterization should give the instantaneous nucleation rate as a function of the ambient conditions. Here we show that the instantaneous nucleation rates are given to a good approximation by the steady state values. SAWNUC was modified to run until steady state with a constant [H 2 SO 4 ]. The integration time was chosen as t(s) = 1.0e10/[H 2 SO 4 ](molec.cm À3 ) + 3/(qk r ) 1/2 which assured that the nucleation kinetics were in steady state. A plot of the calculated steady state and instantaneous particle nucleation rate versus [H 2 SO 4 ] for the conditions of Figure 2 are shown in Figure 3 . There is excellent agreement over many orders of magnitude of nucleation rate.
[8] A steady state, nested do loop version, of SAWNUC was created, in which the five input variables were (1) temperature T (190-300 K), (2) ), (3) number of H 2 SO 4 molecules in average nucleating cluster (h 3 ), (4) number of H 2 O molecules in average nucleating cluster (h 4 ), (5) radius of average nucleating cluster (h 5 , nm), and (6) first-order loss of H 2 SO 4 to particles (h 6 ). This steady state, nested loop version of SAWNUC, was used to generate the data required in the parameterization of IIN. The first-order loss of H 2 SO 4 to particles is defined as
where k i,H2SO4
c is the second-order rate coefficient for uptake of H 2 SO 4 by cluster i.
Parameterization
[9] In this section we describe the parameterization process, used to parameterize the output data set from SAWNUC.
Grid Effect
[10] Discretization of the complete range of atmospheric conditions, as input to SAWNUC, was required. Because of the comparatively large number of variables in the input data set, namely five, the size of input data set becomes large very quickly, as the number of grid points is increased. Parameterization of output data set from SAWNUC, for large grids, was thus constrained by computational resources. This implied memory related problems, e.g., the size of RAM, or RAM addressable by the operating system. The parameterization had to be achieved within the , 12 hours of daylight, and H 2 SO 4 peak noontime source rates of 1000 (dashed lines) and 3000 cm À3 s À1 (solid lines). The instantaneous nucleation rates are calculated with equations (1) and (2). constraint of available computational resources, which in this case were, a Pentium 4 processor with a clock speed of 2.6 GHz, and 1 GB RAM.
[11] One of the primary steps in the study was optimization of the input nested do loop grid to SAWNUC, so that resulting efficiency of parameterization was high. We define efficiency of parameterization, as the percentage of points where the ratio of the ''model value'' to the ''parameterized value'' falls between 0.5 and 2. This required determining, which variables required a relatively fine grid and for which ones a coarse grid would suffice. After a large number of iterations of this process, it turned out that a finer discretization was required for temperature and relative humidity. Higher resolution was required because the IIN rate is most sensitive to temperature and relative humidity. Concentration of sulphuric acid, surface area, and ion source could be modeled, with a relatively coarse grid. Within the limitation of our computational resource, the final grid that has been used for parameterization had 20 Â 15 Â 8 Â 4 Â 8 = 76,800 points, where there were 20 points for temperature, 15 for relative humidity, 8 for concentration of sulphuric acid, 4 for preexisting surface area, and 8 for ion source.
[12] The output data set from SAWNUC was filtered to remove data points with very low values of particle nucleation rate (h 1 < 10 À6 cm À3 s À1 ). This reduced the number of data points for the parameterization to 40,728. The parameterized functions presented here are strictly valid for those atmospheric conditions giving a particle nucleation rate of h 1 > 10 À6 cm À3 s
À1
. The relevant ranges of atmospheric conditions (T, RH, H 2 SO 4 , h 6 , q) can be visualized with three-dimensional (3-D) plots 1 of the model output. 
Basis Functions
[13] A smooth differentiable function f = f (x, y, z,. . ..) of independent variables (x, y, z,. . .) can be approximated as a truncated Taylor series. This truncated Taylor series is a multidimensional polynomial of variables (x, y, z,. . .), with partial derivatives f x = @f/@x, etc. appearing as coefficients. One approach to parameterization would be to use a multivariable polynomial, consisting of powers of independent variables (x, y, z,. . .), as basis functions, and determine the coefficients (partial derivatives, f x , f y , f z . . ., etc., in this case), in the truncated Taylor series expansion. Mathematica, a numerical and symbolic computational language, is used for the parameterization.
[14] A least squares fit, to a data set, as a linear combination of functions, of independent variables was used to arrive at an initial parameterization of IIN, in which polynomials consisting of powers of the five input variables (T, RH, H 2 SO 4 , h 6 , q) were used as basis functions and their coefficients were computed by Mathematica programs. The sum of the squares of the offsets (difference between model and calculated value) is used instead of the offset absolute values because this allows the residuals to be treated as a continuous differentiable quantity. However, because squares of the offsets are used, outlying points can have a disproportionate effect on the fit, a property that is not desirable. For a number of unknown parameters, linear least squares fitting was applied iteratively to a linearized form of the function until convergence is achieved. Depending on the type of fit and initial parameters chosen, the nonlinear fit may have good or poor efficiency. If uncertainties (in the most general case, error ellipse) are given for the points, it can be weighted differently in order to give high-quality points more weight.
[15] Least squares fitting proceeded by finding the sum of the squares of the vertical deviations of a set of n data points from a function f. In addition, although the unsquared sum of distances might seem a more appropriate quantity to minimize, use of the absolute value results in discontinuous derivatives that cannot be treated analytically. The square deviations from each point are therefore summed, and the resulting residual is then minimized to find the best fit line. This procedure resulted in outlying points being given disproportionately large weighting and thus were eliminated iteratively. A reasonable fit with efficiencies exceeding 85% was obtained, in which the difference between the parameterized values and model values were well within an order of magnitude.
[16] The Vehkamäki et al. [2002] parameterization based on the classical nucleation model had four independent variables, namely T, RH, H 2 SO 4 , and h 3 (number of H 2 SO 4 molecules in average nucleating cluster). Basis functions used in that parameterization were powers of ln RH, ln H 2 SO 4 , beside 1/h 3 , and a series of cubic polynomials in T. We tried an IIN parameterization with a similar choice of basis functions, and obtained a good fit for h 1 and h 2 . The additional independent variables in this IIN parameterization namely, SA and q, were modeled with polynomials. This approach led to a more compact parameterization and is presented in this paper.
Parameterized Formulas
[17] The parameterized expressions for h 1 , h 2 , h 3 , h 4 and h 5 and their 3-D visualization as well as comparisons with corresponding model values are given in the supplementary material that will be made available on the Internet. The final parameterized formulas were taken directly from Mathematica; the FORTRAN forms for h 1 , h 2 , h 3 , h 4 , h 5 , and h 6 are given in the supplementary material. Expressions corresponding to C form (for those intending to use C programming language) can also be supplied on request.
Direct Comparison
[18] Figure 4 shows histograms of the frequency of occurrence as a function of the ratio of model value to the parameterization value for h 1 , h 2 , h 3 , h 4 and h 5 , respectively. We define the efficiency as the percentage of points where the ratio of model value to the parameterized value falls between 0.5 and 2 for the conditions where h 1 > 10 À6 cm À3 s
À1
. Efficiencies exceeding 85% were obtained for particle nucleation rate (h 1 ), nucleating H 2 SO 4 rate (h 3 ), number of H 2 SO 4 molecules in average nucleating cluster (h 3 ), number of H 2 O molecules in average nucleating cluster (h 4 ) and radius of nucleating cluster (h 5 ).
[19] From Figure 5a , it can be seen that the parameterized particle nucleation rate (h 1 ) is comparing well with model values, in the range, T = 190 -280 K, and H 2 SO 4 = 10 6 -10 7 cm
À3
. Figure 5b shows that parameterized h 1 , is within an order of magnitude for the range of T = 190-236 K, and H 2 SO 4 = 10 5 and 10 8 cm
. However, for T > 236 K and H 2 SO 4 = 10 5 , there is sudden drop in modeled h 1 that is not well captured by parameterization, but at H 2 SO 4 = 10 8 cm À3 , the modeled and parameterized values agree well. Figure 5b has a minimum around 202 K for the modeled curve. Several other curves also have ''steps'' versus temperature. These are caused by not accounting for the evaporation of neutral critical cluster in calculating the net IIN flux. However, this should not be serious issue, since a smooth curve through the calculated points should be close to reality.
[20] Figure 5c shows the effect of ion source on particle nucleation rate (h 1 ), for q = 2 and 50 ion pairs cm À3 s À1 at RH = 0.2, H 2 SO 4 = 10 7 cm À3 and SA = 2 mm 2 cm
. Figure 5d shows the same effect for H 2 SO 4 = 10 8 cm
whereas Figure 5e shows the effect of q on particle nucleation rate at RH = 0.5, SA = 2 mm 2 cm À3 and H 2 SO 4 = 10 7 cm À3 . [21] Figure 5c shows that modeled and parameterized particle nucleation rate (h 1 ) agree well up to T = 250 K. It is evident from Figure 5d that parameterized h 1 is capturing model trend and values are within an order of magnitude except at low temperatures for two different ion source rates. Figure 5e shows that parameterized h 1 are in good agreement with modeled one except at low temperatures and q = 50 ion pairs. Similar plots (Figures 6 -9) show the dependence of h 1 on RH, H 2 SO 4 , SA and q as well as the direct comparison between modeled and parameterized h 1 .
[22] Figures 10a and 10b show the effect of H 2 SO 4 on number of H 2 SO 4 molecules in average nucleating cluster (h 3 ) at RH = 0.5, SA = 4, q = 10 and H 2 SO 4 = 10 6 and 10 7 , 10 5 and 10 8 cm
, respectively. From Figure 10a , it can be seen that parameterized h 3 compares well with model values, in the range, T = 190-270 K. Figure 10b shows that parameterized h 3 , is within an order of magnitude for the range, T = 190 -230 K. However, for T > 230K and at H 2 SO 4 = 10 5 , there is sudden drop in model values which is not captured by parameterization but at H 2 SO 4 = 10 8 cm À3 the match in model and parameterized values is reasonable for the range of temperature considered here.
[23] Figures 10c and 10d show the effects of q on number of H 2 SO 4 molecules in average nucleating cluster (h 3 ) at SA = 2, q = 2, 50 at different H 2 SO 4 . Except in the lowtemperature region, the parameterization agrees well with model values for both the cases of ion source. Overall, it can be seen that the parameterization is able to reproduce the trend of model and the values of parameterized number of H 2 SO 4 molecules in average nucleating cluster (h 3 ) are within an order of magnitude for full temperature range. Similar plots (Figures 11 -14) show the dependence of h 3 on RH, H 2 SO 4 , SA and q as well as the direct comparison between modeled and parameterized h 3 .
[24] Figures 15a and 15b show the effect of H 2 SO 4 on radius of nucleating cluster (h 5 ) at RH = 0.5, SA = 4, q = 10 and H 2 SO 4 = 10 6 and 10 , the match in model and parameterized values is reasonable for T = 190-240 K.
[25] Figures 15c-15e show the effect of ion source on radius of nucleating cluster (h 5 ) at SA = 2, q = 2, 50 and at different H 2 SO 4 and RH combinations. Figure 15d shows similar effect for H 2 SO 4 = 10 8 cm
. Except in the low-temperature region, the parameterization agrees well with model values for both the cases of ion source. Figure 15e shows the effect of ion source on h 5 at RH = 0.5, SA = 2 mm 2 cm À3 and H 2 SO 4 = 10 7 cm
. It can also be seen that the parameterization is capturing the trend of model and the values of parameterized h 5 are within an order of magnitude for T = 190-270 K. Similar plots (Figures 16-19) show the dependence of h 5 on RH, H 2 SO 4 , SA and q as well as the direct comparison between modeled and parameterized h 5 .
Summary and Conclusions
[26] This paper presents a parameterization of IIN for atmospheric conditions. It uses a kinetic aerosol model SAWNUC [Lovejoy et al., 2004] , which is based upon measured thermodynamics of ion cluster growth. It is shown that the steady state ion-induced nucleation rate is a very good approximation to the instantaneous rate. Accordingly, data for the parameterization were generated by running a steady state version of SAWNUC over a wide range of atmospheric conditions. The parameterization speeds up the calculations by a factor of about 10 6 and is useful for implementation in large-scale models.
[27] Comparison between model and parameterized values is well within an order of magnitude, for most range of conditions. The standard deviation of the ratio of model values and corresponding parameterized values, which should be ideally unity, is a measure of deviation of the parameterization from model. The standard deviation for the ratio of model values to the parameterized values lies (1) when the particle nucleation rate is very low (<10
À6
), which corresponds to a rate of less than 0.1 particle d À1 , (2) extreme conditions, e.g., very low or high values of temperature, relative humidity, H 2 SO 4 , etc. It is noticed that gradients (slopes) of model and parameterized values generally match, except when the model has steep slopes immediately followed by plateaus. This may be because polynomials of cubic order in temperature were used in this parameterization. Higher-degree polynomials may capture the model behavior better at the cost of more computational resources and bulkier expressions. These IIN parameterization functions are presently being used in an aerosol microphysical model to interpret the particle formation observations, which are not explained by classical nucleation theory.
